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1.   OBJECTIVES: 

leJn^l „ \ r°^Ct "ere t0 perf0™ ond Pufaush mathematical 
^   £n7VWVrif f19"al P™«"*"fl.P«rfodlc composite dielec- 
trics, and to complete some work on the dispersion of water from a 
previous AFOSR grant.    The wavelet studies were direct^ toward 
nondestructive evaluation using ultrasonic waves.    The novel 
dielectrics were mainly the PBGS, photonic band gap structures - 

periodic arrays of a dielectric with permitivity »^ embedded in a 

background dielectric with permitivity st. Several types of disor- 
der of these periodic objects were also studied. 

2.   STATUS OF THE  EFFORT: 

2t?iTltlZZP['bliCati^s- tm subn,itted ™nuscripts, with two 
rf inv,terf Zl °T ?"? pr°ieCt-    There hove bee" ° "umber 
frrZrlr   2       P-^ented, including one at Oberwolfach.Germany; 
IZt, ,  nM%renCe l" Ü™ En9land; ° series °f «"~ 90-minute 
If^ZLZ.ri?   Ill a"dtW? 58-"'inUte t0lks at sPeci<* ^ssions of the American Mathematical Society in Iowa City and Albuquerque- 

HZ "Jf,thrr^°lks * the annufll QNDE raee«"9-   A number of 
on theZllZ S\?on°«uia- and s^"°" have also been given on the work done on this grant. 

Two Ph.D   who worked on this project have graduated. Dr. Alan Van 

lie? Dr vantr/T*' 19?6 *« ^ ^ Chakraborty in June 
1997   Dr. Van Nevel.who was also supported by a companion AASERTS 

Z^rn?ll kT tZriCan S°Ciety f0r Engineering Education Feli- 
ne, ™ ™„ 0l WeTnS Laboratory in China Lake.CA upon grad- 
uating and is now a member of their scientific staff.    Dr   Chakra- 
S'™^ **£ fositron Emission Tomography group at Washington 
University in St.Louis MO as a Postdoctoral Fellow in Medical 
Physics.    He is now a Postdoctoral Fellow in the Radiology 
Department of the Harvard Medical School. The education of two 
art? Tl   lied Pn-?-:s,is a" ^PO^ant accomplishment on this 
grant. A Postdoctoral Fellow at Missouri, Dr. Sarah John, was also 
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partly supported by this grant, and has grown and developed durina 
tese three years She has really come into her own. Her resea "h 
watag Part of this project, as will be shown later in this re 

Several follow-on projects were identified for possible future 

3.   ACCOMPLISHMENTS: 

The work on this grant has produced several discoveries, two new 

P^tdJt^, P3!?"""0^ °nd stre"9ht™« ■ very strong, young Postdoctoral Fellow. The numbers TAT    fA - i 7 in  :    yT.    *. 
publications   submitted manuscript^ ma u cKpif n

dp^ ' 
listed in the PUBLICATIONS section of this report     The ^rk on 

versSitTtPoOSsaL^SthnhanC,ed by ° ReSearCh Uave f™ Mi-uM Uni- versity to spend the academic year 1997-9S with the Department of 

v^des a fMiat I6**/ S M Unive"ity. This competetive leave pro- 
vides a full salary for two semesters of research. Conversations 

and S^V* ^r°feSSOrS Battle' D0bson' Narcowich?*^ son and others have been educational and fun. 

The first task of this project was to read and correct the oroofs 
of papers [1-3]   Then, Chakraborty and I had the idea for the 
generalization of the statistical mechanics of the permitivitv of 

andepubUsheUde0US biOT°leCUl<"- sollrti°- M which ZtZtZlut 

f5Üf£^       «queous solutions of hemoglobin in the microwave 

such s?fectan9e'       y"ne °nd "V°9l0bin S°Iutions did not sh°» ony 

So^V,^' H:Kaiser'f research 9rouP had SCTne interesting 
paper m ab

I
0
n

Ut"e"t71°Pti« *ich led to paper [4] and later'* 
"el™. In. C8] °/uU WaVelet analvsis of the neu*ron scatter- 
m Ts J?nf J^Tf metalUC COmp0£tte was PubUshe«- Reference [9] is one of my best papers.    It extends and generalizes a number 

2, 
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evolution5 °n tHe S°"Called "Feynmin POth tnte9ral" *" the time 

xCt)   =   [expC-tA)XxC8)) (!) 

era?or0oftt?lXj!;er? J> "" anti-self^Joint infinitesimal gen- erator of time translations.    The operator A is the sum nf «™ ™ 
more non-commuting   possibly time-de'pendent operators   sl^- 

aä ts of A ™ained for non:Unear and for "*>*"y «Ä? parts of A. Theorems were given which prove the existence and 
uniqueness of solutions to a broader class of these evolution 

7Vtar fr«*««* kn—.    Explicit formulae were given 
for a number of realistic cases, which do not seem to have been 
known.    A number of combinorical formulas were derived^ this 

Schr?ound.9eneraU2ed ***+""+»«*» Scions* 

contiLtions'rS
dU^rt^0nStUdieS C5'7,123 and in ™r «cent continuations [8], the behavior of the wavelet scale variable was 

evaluatfcn6   Th' ^I™™ Scatter for nondestructive 
2rfÄ£ ?     l5 the   "neW"   nurture that wavelets have which Fourier signal processing lacks.    The change from one scale 

Lea ts^aTth?^ t0 Z0OT,in9 in °r °Ut in s?ze-   The S idea was that the features one seeks in the data are zeroes   max- 

S^leas tear" /^ °ne «* "eed SmaU ^ffic?ents in Le 
Mnlf*° accurate}y df ermine these features.    One would expect 
high frequency scales for fine details, so the following emairical 
procedure was tested with hundreds of «me traces SedT 
Enaiwfr T$ °f tHe 0eParta,ent Of Mechanical and Aerospace 
Engineering at Missouri University.    The scales present in these 

i/r^zm °-8C2s6 data)- °r 8-9 ^ *£ « ™> for p = 2 wavelets where j= 0 to 8 or 0 to 9 in the scale 7       Th« 

Äet st ZT ell TT« "" CaUed -eSionats alesThe 
ana the rest were called ordinary scales.   A threshold   e   which 
depended only on the signal-to-noise ratio was easily found     The 
best choice of exceptional scales were found to be i « 345 
This was unexpected, so it was checked again and again     The'add- 
itional study served to confirm this choice. Another siudy^s 
undertaken to see if there was a «best» wavelet with no success 
It was found that CN, DSN, ON wavelets with a lot of smoothness' 
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tended to perform better: ie   N»i riß ?s^ T^^ ..      • X. 
and we hope will prove useful    but if ~JP       I•  f lnterest™9» 

forman e     ?ht ^ C°-W°rkerS faUed even "°^ tn^S?" 

tion I     h\S foV" the idea t0 tpy th* KüUback-LieHer inW 
«?Ä       .     ^f probability distribution raade frozen™ 
r^l o/- UCt6d scatteri"3 "»pUtudes, where p.eP ts the 
real or imaginary part of the backscattered signal * Let 0 be a 
reference probability distribution qiSQ where q- is are

Q
alor 

TÄ^ET^I" Cal^Ulated Ultrasound "ockscattered signal The Kullback-Liebler information in bits is given by 

Dr   Van Nevel expanded p/s and   q's in wavelet eoef fi rn »ntc „„J 

maximized I   wavelet scales i and\*ransla"ons^k. Thisturned out 
to leave most of the small coefficients in the scales 1 = 345 

T^ZZVhe Wie"er mter markedly-    *><■ »e   the Cr'eJl 
Sl723 I LuVErT ST 'T- fK» ^Vl.2415) to " h    •'"• 0-z513J for the CIS wavelet family!    The values ofi   ™w 

!n    g 
au9lan°S irtHeXCePti

1°nal "^ "^ *™^" °™«" 
much 0? Z Tnilf      TeUt phaSe Space-    This metn°° ^ved mucn of the noise from the reconstructions. 

SneVZ°} Vf me\h0<k ™ere StUdied'    **" 0 Monte Carlo method and 
a simulated annealing method were found by Van Nevel to perform 
comparably to the empirical scale choice and the KuUback UebTer 
information maximization.    They are non-trivial, but require much 

S3 ^nPU^Ume t0uapPly-    Althou9h " ts reassuring to see 
s   les f/l.™^ods leave many of the small coefficients in 
scales j   = 3,4,5; the only explanation which has been found so 
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struction minimizes Z £ £ "   in tha       ^ T™ reC0"- 
ure and the infection jointly   Z^t^^ ""^ °P Pr6SS" 
keeping the energy at thP w,ii\ ",     f V   the constraint of 

only inVmation required   s the an rL     ^ 2* SNR eSttmate- The 

threshold, er. approximate SNR and a known 

pactly supported. orCwav1^KH^ f """ 
wavelets contain aliasing errors ,mf LJ Vf   that lower N 

tent. John worked this out in f^ll^T'^     n0t to what ex" 
the D     wavelet satisfi«^". S lU She Proved th<* only 
wavelet is not compact ysuaaortTh" MP"."fl r0te- ™s S1™ 
also found that ^«rr^ffi.'^' lt haS **»■ D"- *»hn 
filters rules out thennthnl„„V   , '     C2) 9roUp strurtur= of the 

The aliasing a^ument in t°his9nr0UP ^ f0r the fUter **•■£«■ 
N-wavelets performer in ouTrl^T^ eXplai"S «» hi9her 

finer detail frol additL', Z   r"onstruc^ons.    Besides their 
aliasing errors     addxtlonal «wrthness. they also have smaller 

The two or more component dielei-trir*   „.. _t J.    ■ 
new class of materials whose Ziaht on'„ ^ ° °mC Crystols are a 

designed and controlled     Thii hl,° ,, ^ ProPerti« can be 

devices for switche     high Jtunin     ffi** "^ makeneW' **' 
computation.    The bandgap canaletelv ~f' c™catl°"> °n° 
wavevector or enerav   i™t ? suppresses all noise whose 
fact is Dhv°^oH>  y- ' are ln the forbidden gap.    This race is pnysically naorous becnuc» u. ■„..•_    ■      , 
radiation emmitted from atoms     Phn^f       $6 lf elect'-omagnetic 
environment of the aZ   mch J2Ä C1*yStaU Ch°n9e the 

makes certain freauenrv rZ\T shifts.thel'' energy levels and 

correspond™ ÄMÄL""" ^^ ^^ ^ 

The Photonic Band Structure nroierf i* flm-M   r n 
the energetic work of S^^"^,^*^^ * 

-T 
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continue to be voCb e S^TÄ^äT ^T^"« 
Figotin on the spectral theorv of MIL     beautiful paper by 
the theoretical physicists ion JJ?.*^ the W how Umited 

that two-component dielectrics Cith        ^   Ft90tin's theorem 
*foft «eZwtrft contra^ \ f   ™    spa?e-flUin9 structues at 
dielectric conlasts ^'imV2e th^^? ^ l0ttiCeS at M9h 

PEGS.    Unfortunately hUaroun ™H 9<1P xs a lra;lor landma^ *" 
this fundamental sÜ^^™^»*™? °T "^ 
is to show engineers   device ZrhZi    -1 U   Xonfl term a9end<> 
cists how useful these analytic pt^lrl ^ ^[^al physi- 
ample, the abstract proof in scaled ]nt^-,vPr0CtlCe-    For ex" 
greater than a corresponding non sice «n •U''9 StrUC*Ure is 

show how much because the »del if au^I3-^6' but ** cannot 

small,<l*   then it is net «f !   lf. <jmte complicated. If it is 

that It is ^S/SrtVE guit?stnC? tca°„nteqU?HCe- -We haVe Sholm 

to learn on this subiect   inclnrff^ ,?•*-, There ls much m°re iartion. ls SUB3«ct. including localized defects and local- 

Chakraborty and the PI have three ■», *Ä     , 
discretizations of ItaweuVeauatW 5 *£Ve the matrix 

lectric regions: plane Sves- exact «i2f ^V"0 Peri°dic difi- 
lattices; and variationatmethodslin^i,°nf ?"" SI"aU' Square 

linear combinations of sphericat or cvlin£?e f^0"* made of 

vector spherical harmonics     The nTnn! C"! ^e scatteri"9 
versatile for larae 1££L / ! P ? * ""^ solutions ore most 
The exact solutions are ™   °ntt,ln,ns ■"* Poodle scatterers. 
only useful Jor sin numS'A* Plfln7™«. « *** are 
number of scattering sZef!h£,     "f^* a"d are Umited in the 
exact solutions h^ve alsTbeet USeS f.     f1^ woctly-    The 

other approximations.   The variations?   W?" the °CCUrflcy of 

the shapes >*ich can at be 2tly s0lZ!    Th" "Seful
u
for *» * 

able feature that »Cvarw£££ K i        ,?** haVe the desir" 
one goes WM^EK^*^^^ " 

All possible symmetric scatt^rpr chr,nar u 
all 2D lattices   The *n irr i !!•    T5 have been calculated in 
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some show 12-15 bands   v»* H7«?   T     ,   lm 2'3X a«uracy and 
from one another for ihe sat PS   T^l "'^ "y ^'Z^ 
the density of states have Zl, V   J? }nternal fields "GO «I 
discoveries have been made, ^ft" t eW? nl""ber °£ ™ 
end oscillators have also been c^d   ÄtE^ *}*•" 
progress.    These are relegated to the next section * " 

year" for NoVstudief" 'I"*1? WVe " W«on for over 20 

peKodfrela t c c^ osHes0™! «fdthe ml* f°r S°me 2"D 

gaps (stop bands) Zoired dlfe ts   L"' hw?M
forbJ««« band 

phenomena for elastic waves '       ' posslbly' localization 

PBffi""^^ thS °nly Pe°Ple Stud*in9 ^ologtcal materials in 

physical effects     OnTi* i        P   I ™° whlch provide new 

Intte disper   o„ sp   t am   H £   £ fig1* °f ° '«««"» *P 
strong spatial dispersion^ +L   « •   "'    An°ther is the 

of wavevector lattic7d°s0rder^nth™0" "^ ^ The effects 

widths are greatly inc     sed   H^ever   the^ RVW 0"d g°P 

studied for acoustic, .t££S?X£S?£Z** 

of^h:^^rnrJeCtS ttat direCtly "**" *»" -««on 

-1' W^ÄJ? °nd info^ion with an understand-      ' 

tical nonsense». Study real data for transien" pulsL 

2. Matched wavelet filters for NDE. 

3' termxnninaUi^^1UndSPeC^OSCOPy inverse probl- *>r de- termining the elastic stiffness constants accurately. 

r 
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4. ^normalization group - wavelet analysis to tailor 
wavelets to problems such as PB6S   tonic rt^t , 
deeper understanding of tte sSS'Äe® *' ^ ° 

4.   PERSONNEL   SUPPORTED: 

Brian DeFacio, PI; 2 months a year for 3 years. 

Sarah John, Visiting Assistant Professor; half time for 3 years. 

Sankaraakraborty, graduate student, now a Ph.D.,2 ffl0nths a year 

Stefan Gheorghiu, graduate student, 2 months a year for 2 years. 

Alan Vgrant)
e2'yearsUate StUdent' n°" ° Ph'D-CHERTS co^nion 

Eric Veun, undergraduate, the graduate student O AASERTS aran« 
6 months a year for one year. s grant;, 

BUiahjaiZer' 9r°dTe  StUdent Calso has AASERTS grant) 6 months a year for one year. a1"1"^. o 

f 
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5.PUBLICATIONS; 

1. S.- H.Kim, G.Vignale, and B.DeFacio.PwigmicDielectrir 

2' SquS *ates" "t^l ^ NeVel' ^"««ons of 

3- ^^Ä-^Äit^Tr h
to 

war L- «~*. -•. «s *sr-s«i: &.r • 
4. H.Kaiser, K.Hamacher, R.Kulasekere   W - T LPO    l C A»I, 

B OeFacio, P.Miceli, and D.L.Borcester "Neutra iS^S""' 
Optics in Layered Materials», in Cerse Opt?« Ill   M 
Fiddy.ed., SPIE 2241,78-89 CSoc   PhotllZ   l Z ü'. 
WA.1994). *" oto- Ind-  En9r-> Bellingham 

S' ^'pft!rS0,Land ß-DeFaci°. "W^elet Inversions of Data 
m Eias^^Wav« Nondestructive Evaluation»,inInverse Oatics 
III^M.  Flddy, ed., SPIE 224X.172-184 CSPIE'BelSha5: Jr 

6' LuctrricrRLD
aonse-o

DfF?h
Ci0' 7*™" '"««-Dependent 

7' Waveletesianal-prCi°; "^ S-P-N'°l."An Application of 
w KÄrsÄ üÄnic Nondest-urt-E^- 

Composites,» Rev.QNDE 16,39-46 C1997) et"UlC NlC"Tl 

1 
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11. S.John,  LattifeFunctions   Wm/pi«+ AM„~ 

12. A.J.Van Nevel, B.DeFacio   and <; P W0„I  T r 

ing Theory.,, (submitted, 1998). vnttpr- 

preparation).  rUjB^Sis-f3!^^^S^mUm^!^SMMS Cin 

6.    INTERACTIONS/TRANSITIONS: 

""   ^^fPf^^—ntations   at  meetings,   Confer- 

L^SWnVn ,the Pro9™ *wi« on Computational Electro magnetism, Brooks AFB, Jan.'95,'96,-97. tiectro- 

Z.Invited colloquium and seminar speaker at the Physics Dept., 

10 
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University of Cinncinati, spring '95. 

3.Presented talks on Wavelet Inv^rc« c^*Ä1.- 

2ÄS2.SÄ * * -'»*ÄCS.SW" 

'SSÄ2; Si""2fE~ r.Sftrf1- Portugal,1995. summer School, Madeira, 

5'K,ÄS!^ ÄISs *the QNDE -"* •«- 

7.1nvited speaker, Oberwolfach, Germany su^er of 1996. 

""rencl ÄW P°Ster sessi°" ><*<■*>" Research Con- rerence, Kimball Union Academy, 1996. 

9.Presented talk, was session chair n*- m* nunc 
Bowdoin College, ME, 1996 * QN°E meetin9' 

 ■—MS Ul ^l055^ccii Wave«?,Albuquerque, NM,1997. 

12/'Radial Basis Functions for Elastic Wave Inverse Theorv» at 
2LS: C!nrer/°r APProxim°tion Theory,       The0ry Qt 

PBGS at Condensed Matter Seminar, 

I-, information Theory for Wavelet Inverse Problems» and 
II., Information Theory for Elastic Wav*<» ntlt ms°nd 

Laser Physics Seminar Texas A A MM    •'    * At°miC & 
Sta. TX 1997     '     A & M Unive^ty, College 

-M 
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materials. tharXotte' Localization, photonic band gap 

Z.Dr   C.M.Fortunko, National Institute of Standards and 

otalsÄ^ 

of elastic ^TÄÄ* ""* Pr°Pa9ati°n s»"d 

enng. Inverse problems with ultrasound   AeP°SpaCe Enslne- 

*t arat srstS;center at iowa state««-- 

4. TRANSITIONS: 

^ErtVv« *l!T eXCelJ^ h6lp *" Dr- Von N^l and Mr 

measurements by Drs Kyle tonl^^Tc1 °" a Series of 

2 Van Nevel has taken some ideas which he started develoaina 

scientific ItnfA   u-  Lakf Cmhere he is now a member of the scientific staff). His result uses wavelet frames to detect 

1A, 
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and classify texture in transient radar signals. 

8.NEW   DISCOVERIES: 

HysteS^Zf ~S oÄ -*•    ^ dielectric 
fluencies and a better model for 2, hemo9}olnn <* microwave fre- 
completed (from a prS proLtt "•£"** °f Wter Were 

and dissipation in photonic ffi^ J-r   t   *** °f disPe^°" 

were shown to open the pse d^       a'«ft   °-t-'" tre<*ed ^ 
wave frequency region.    Wavelet m^kT     sc°tterers m the micro- 
destructive evaluatio   of hiatechn°l*JT6 deVeloped *»• "°"" 
scales were shown to car™ iSa^^E *£"0t?rtals-    The W*et 
and the mid-range scalesVl1 V^ " ^ coef«"ents 
data populating scales i = 0 i       l, uI*!"asound scattering with 
tion of the Kullback-Liebler inf^'Jl- ^    Then tne m<™imiza- 
effect.    We have thus reached   h°TT ™% Shcm a slmila' 
back-Ltebler information IchL'-"^0" that lt U th* *"- 
John gave a complete «scussion nf ^^ ^ convsr^"s.    o. 
orted, orthonormal wavelets     Ä    ^V?1"9 of =«»P°ctly supp- 
er the p = 2 insteaHf the usual u™   ?"*, ** " a SUC2;> «™P 
pathological multiresolutions     It u2 "^ rem0Ved oU °f th. 
SSUC2) matrices which förct+L ^ half an9les in *he 
die arrays of Young's ^IsaST™ "*** to vanish-    p^°- 
studied for their JcLT   i    J     Pe™itivity PBGS have been 
fluency spectr!,   \^c^£ ™°f «c «d elastic wave Se- 
ssion coefficients have been studÜ       ^ed defects and *»»wt- 
tential elastic wave Hl^a^JL^t^^0^5-    A *>- 
covered.    The University of Misste     fo!*ldden 9°ps was dis- 
patent on this filter " considering applying for a 

9.   HONORS AND AWARDS: 

Fellow of the American Physical Society 

13 
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Listed in Who's Who in Science and Engineering. 

Research leave, 1997-98 to Tpvnc A*M n • 
University.        ™   m University fron, Missouri 

-74 



05/08/98   14:11   ©409 845 6028 MATH DEPT l^]017 

Final Budget 

F49620-96-0060 
Adjusted   Budget 
CNo   cost   extension) 

E^ipment CCanputer „^ ^ „„^^ 

Travel 
Oneetings, research collaborations) 

Miscellaneous 
CPublication costs,reprints, supplies 
software, mailings) PP^es, 

Total   Balance   Camount   returned) 

$463.48 

$3365.58 

$2000.00 

$5829.08 

IS 
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«."TITLE AJ»D SU»Tltl« . _ ..*■.. 
Mathematical Studies of Wavelet Inverse Reconstructions for Nomlestnicovc 
Evaluation. Novel Dielectrics, and (he Dispersion from Chaotic Motions in 
Water. _         — 

Wov. 1.1994-AprU 30,1998   
'    ' 5. RJNOWC «uMaias 
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tAÜmoW 

Prof. B. DeFacio 
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DepL of Physics & Astronomy 
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Yaa. OIST««UTION/AVÄIL*BIUTT 5TAT«MuiV J"ia» "" 

Approved for public release- distribution unlimited. 19980602 085 
13, ABSTJUCr (ÄU»mu«l20DweYäfl 

Wavelet inverse methods for non-destructive evaluation of high technology materials using transient pulses of 

oltrasouad have been developed using the KuUback-Iiebler information- This selects scales with small energy 

wavelet coefficients which have large information content 

Wavelet aliasing by all compacdy supported orthonormal wavelet families has been proven, and pathological 

multiresolutions were ruled out by shoosLag the correct group for the filters, SU(2). 

The PBGS, photonic band gap structures, have been studied for electromagnetic and elastic waves. These 

periodic, rwo-oanirxitient malecuics have bm 

Localized defects have been studied An elastic wave filter and a gap opened by the high contrast of water at 

microwave frequencies were found 

U. SWWSC7 TJflMS 
Signal procesing, wavelets, non-destructive evaluation, 

inverse problems, photonic band gap crystals. 
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